Here we show that YfgL exists in a heterooligomeric These genetic interactions suggest a role for YfgL, complex with at least three other proteins of previously one of the lipoprotein components of the protein asunknown function: YaeT, YfiO, and NlpB. Although no sembly complex, in a homeostatic control mechanism reports specifically link YfiO, NlpB, or their homologs that coordinates the overall OM assembly process.
. The amino acid in the +2 position of YfgL is serfor OM assembly in E. coli. We propose based on geine, suggesting YfgL is directed to the periplasmic face netic interactions between yfgL and imp reported in the of the OM. To test this, we fractionated the inner and accompanying paper (Ruiz et al., 2005) , as well as geouter membranes of wild-type E. coli using sedimentanetic interactions described here, that the activities of tion equilibrium. Western blot analyses using an antiall of these OM assembly factors function in distinct body specific for YfgL, as well as antibodies specific capacities but are inextricably linked to ensure the cofor inner (55 KDa) and outer (Imp) membrane proteins, ordinated assembly of both LPS and OMPs.
revealed that YfgL cofractionates with OMPs as predicted ( Figures 2D and 2E experiments, the levels of His-tagged YfgL produced unknown function (Bouvier et al., 1991). The amino-terminal amino acid sequence of YfiO contains a prefrom this plasmid owing to leaky expression from the T7 promoter are similar to the levels of YfgL produced dicted signal sequence and a lipobox. The +2 rule predicts that YfiO is an OM lipoprotein. YfiO has significant from the chromosomal gene.
To identify proteins interacting with YfgL, we persequence homology with ComL, a peptidoglycanlinked OM lipoprotein in Neisseria gonorrhoeae (37% formed coimmunoprecipitation experiments using a monoclonal anti-His-tag antibody. As shown in Figure sequence identity), which was shown to be involved in transformation competence (Fussenegger et al., 1996) . 3A, lane 2, this antibody precipitated a protein of 40 KDa, which we identified as YfgL by Western blot using
The fact that both of these proteins are lipoproteins explains why Edman degradation failed. both anti-YfgL and anti-His-tag antibodies (data not shown). In addition, three coprecipitating proteins of In order to confirm the interaction between YfgL, YaeT, YfiO, and NlpB, we constructed plasmids that exapproximate molecular masses of 90, 35, and 25 KDa were detected in silver-stained SDS-PAGE ( Figure 3A , press carboxy-terminal His-tagged versions of YaeT, YfiO, and NlpB. In strains producing His-tagged YaeT, lane 2). The specificity of the coprecipitation is demonstrated by the fact that neither YfgL nor any of the three immunoprecipitation using the monoclonal anti-His-tag antibody coprecipitated YfgL, as verified by Western proteins are precipitated from a strain that does not produce His-tagged YfgL ( Figure 3A, lane 1 control of the araBAD promoter at the λ attachment site If the three lipoproteins are present in a complex, we would expect that mutations that reduce or abolish any (Experimental Procedures). The resulting yaeT depleof them would confer similar phenotypes. We reported tion strain (JCM166) could only form colonies on solid previously that yfgL null mutations alter the OM permemedium when supplemented with arabinose. ability barrier. This is evidenced by the increased antibiWe monitored growth of JCM166 in liquid culture in otic sensitivity exhibited by strains lacking only YfgL the absence or presence of arabinose by monitoring (Ruiz et al., 2005) . We found that yfiO::kan strains exhiboptical density (OD 600 ) over time. In rich medium conited phenotypes similar to the yfgL mutants. In containing arabinose, JCM166 grew at rates comparable trast, strains lacking only NlpB showed only slight deto wild-type ( Figure 4B ). In the absence of inducer, the fects in OM permeability. These results support our strain grew at near normal rates for three or four generconclusions that all three lipoproteins are functionally ations, and then growth slowed to a stop ( Figure 4B ing yfgL8. This synthetic lethality was further demonstrated by the fact that linkage between yfiO::kan and Although the yfiO::kan allele could be easily intro-the nearby marker nadB::Tn10 was disrupted if the rethroughout its growth cycle. As expected, OmpA also folded normally in our YaeT depletion strain in the prescipient strain carried yfgL8. When we used a strain carrying yfiO::kan and nadB::Tn10 as the donor in a cross ence of arabinose, which maintains YaeT production ( Figure 4C ). However, after 4 hr of growth in the abwith the wild-type strain MC4100 and selected for tetracycline-resistant transductants, 29 out of 110 transducsence of arabinose, at a time when YaeT depletion started to impair growth ( Figure 4B ), there was a dratants (i.e., 26%) also inherited the yfiO::kan allele. However, with an isogenic recipient carrying the yfgL8 allele, matic decrease in the amount of folded OmpA. Although some of the protein was apparently degraded, none of the transductants (0/200) inherited the yfiO::kan allele. These results confirm that yfiO::kan and yfgL8
we could detect unfolded OmpA, and the levels of the unfolded protein increased with time ( Figure 4C ). These are a synthetic lethal pair.
It is important to note that the synthetic lethality exresults demonstrate directly that OmpA folding is compromised by YaeT depletion. hibited by the yfiO::kan and yfgL8 double mutants is conditional. Transductants that inherit both mutations Similar results were obtained with LamB ( Figure 4D ). The depletion strain grown in the presence of arabinose can be obtained if they are selected at 30°C in minimal media. These transductants do not grow on any media showed levels of LamB trimers comparable to those of wild-type ( Figure 4D , compare lanes 2-6 with lanes at 37°C. On rich media at 30°C, they grow very poorly. We interpret this to mean that defects in these two lipo-7-11). In contrast, the depletion strain grown in the absence of arabinose had greatly diminished levels of proteins can be tolerated only under conditions in which cell growth is slowed substantially.
LamB trimers ( Figure 4D , lanes 12-16). Overall steadystate levels of LamB, as determined by analyzing the In contrast, the nlpB::kan allele could be introduced into strains carrying yfgL8 at the same frequency as abundance of heat-denatured monomeric LamB, were also much lower in samples grown without arabinose into wild-type following selection for kanamycin resistance at 37°C. However, the nlpB::kan yfgL8 double than in samples prepared from cells grown in the presence of arabinose (data not shown In the accompanying paper, we demonstrated that yfgL trimers often migrate as a ladder owing to the association of LPS molecules (Misra et al., 1991) . Mistargeting null alleles specifically suppress some of the OM permeability defects of strains carrying imp4213. In addishould result in decreased levels of folded OmpA and LamB and increased levels of the unfolded proteins in tion, imp4213 and yfgL null alleles are a conditionally synthetic lethal pair; double mutants cannot be obunheated samples (Voulhoux et al., 2003) . The unfolded forms of both proteins would be susceptible to degratained unless growth is slowed (Ruiz et al., 2005) . Since YfgL is in a complex with YfiO and NlpB, we tested dation by periplasmic proteases.
As shown in Figure 4C , OmpA was present in the whether either yfiO::kan or nlpB::kan also show synthetic interactions with imp4213. folded conformation in our wild-type strain (JCM158) milieu and lacking in any obvious energy sources such as ATP. In addition, it is unclear how Gram-negative bacteria coordinate the assembly of lipids and OMPs in order to avoid disturbances in barrier permeability while the cell is growing and dividing.
In the accompanying paper, we showed that some of the OM permeability defects caused by imp4213 are corrected by null mutations in yfgL (Ruiz et al., 2005) , which we confirm here encodes for an OM lipoprotein. Individually, mutations that compromise the function of Imp or YfgL disrupt but together improve OM integrity, establishing a genetic connection between yfgL and imp (Ruiz et al., 2005) . We hypothesized that Imp and YfgL serve distinct but related functions in the assembly of the OM of E. coli, and we accordingly set out to Once we appreciated that the extreme specificity we flect a cumulative defect in OM integrity. The OM is observed in mutant selections with subtle chemical essential in E. coli, so severe assembly defects would changes to known antibiotics was a consequence of likely be lethal. Indeed, most of these phenotypes are permeability, not target site selection, we could exploit suppressed by slowing cell growth, which also slows our discovery to probe the basis of permeability. We OM assembly, thus masking this cumulative defect.
believe that the deliberate use of antibiotics and other What is more difficult to explain is the highly specific small molecule toxins with targets in the periplasm will ameliorative effect of a yfgL null mutation on the perprove invaluable in dissecting the functions of different meability phenotypes conferred by imp4213. If all three components of the OM biogenesis machinery. Subtle lipoproteins are in a complex, why can only yfgL null changes in membrane composition caused by dismutations suppress imp4213? Given the fact that the abling various components of the assembly machinery phenotypes conferred by nlpB mutations are always lead to increased membrane permeability, but the efweaker than those conferred by yfgL and yfiO, it is perfects are selective in that different defects are created haps not surprising that nlpB mutations are not in the membrane as different components are disabled. imp4213 suppressors. However, it is not clear why yfiO Toxic small molecules with different structures and mutations do not suppress imp4213, since yfgL and physical properties are highly selective probes of difyfiO mutants have similar phenotypes. It is possible ferent permeability defects in the OM, allowing for gethat the defects caused by yfiO::kan are not as severe netic selections to identify components of the biogeneas those caused by the lack of YfgL and, therefore, not sis machinery. strong enough to suppress imp4213. Indeed, strains lacking YfgL may have a somewhat greater defect in
Experimental Procedures
OMP targeting. Alternatively, it may be that yfgL is the only suppressor of imp4213 because YfgL performs a Microbiological Methods and Reagents Strains (Table S1) duced OMP assembly. This is an attractive idea in the All media were prepared and cells were grown as described presense that defects in LPS assembly (imp4213) could be viously (Silhavy et al., 1984) . Antibiotics were used at the following concentrations: tetracycline and kanamycin at 25 g/ml, chloramcounterbalanced by defects in OMP assembly (yfgL). phenicol at 20 g/ml, ampicillin at 125 g/ml for maintaining plasAlthough we cannot exclude this possibility, we do not mids, and 50 g/ml for alleles in single copy.
favor it for the following reasons. The OMP assembly that significantly alters the buoyant density of the OM.
In addition, C-terminally His-tagged yfiO and nlpB vectors were were transferred onto a PVDF membrane. Labeled proteins were detected by autoradiography. constructed. yfiO and nlpB were amplified from MC4100 using primers yfiO-N and yfiO-C, and nlpB-N and nlpB-C, respectively. Both yfiO and nlpB PCR products were treated with NdeI and XhoI Immunoprecipitation and ligated to NdeI-and XhoI-digested pET23a(+), creating 100 ml LB broth culture was inoculated with 1 ml overnight culture pTW007 and pTW008, respectively. All constructs were confirmed and grown to an OD 600 of 0.6. Cells were pelleted (5000 × g, 10 by DNA sequencing. min, 4°C) and resuspended in 2 ml BugBuster reagent (Novagen). Plasmid pJCM1-yaeT was constructed by first digesting pAER1
Next, 1 l lysozyme (100 mg/ml stock), 1 l Benzonase Nuclease (Novagen), and 100 l protease inhibitor cocktail (Sigma) were ( Medical School. An overnight culture of MC4100 was used to inoculate 100 ml LB broth. The culture was subsequently grown at 37°C to an OD 600 of Construction of a Diploid yaeT Strain 1.0. Cells were pelleted (3000 × g, 4°C, 5 min) and resuspended in MC4100 contains an araD139 mutation that renders the strain sen-6 ml cold 20 mM Tris-HCl (pH 8), and 300 l lysozyme (2 mg/ml) sitive to arabinose. To use an arabinose-dependent expression was added to the suspension. After 2 min on ice, 12 ml of cold 1.5 system, we selected for spontaneous mutants on MacConkey agar mM NaEDTA (pH 8) was slowly added. Next, 180 l PMSF (100 mM) supplemented with arabinose. We isolated JCM158, an arabinosewas added, and cells were incubated on ice for 1 hr with occasional resistant mutant unable to catabolize the sugar. A yaeT allele under swirling. Spheroplasts were pelleted (18,000 × g, 5 min) and resuscontrol of the arabinose-inducible promoter P BAD was introduced pended in 4 ml of 50 mM Tris-HCl (pH 8) with DNase and RNase at into the JCM158 chromosome at the λ attachment site via the 20 g/ml and 100 l protease inhibitor cocktails (for use with bacλInCh method (Boyd et al., 2000) using plasmid pBAD18-yaeT. The terial cell extracts, Sigma). The suspension was passed through a diploid yaeT strain was designated JCM160. french press (SLM Aminco, Spectronic Instruments) three times at 10,000 psi. Unbroken cells were removed by multiple centrifugation Construction of a YaeT Depletion Strain steps (1000 × g, 10 min, 4°C) until a pellet was no longer detectaThe yaeT::kan product was amplified from pKD4 (Datsenko and ble. EDTA and lysozyme were added to the membrane suspension Wanner, 2000) using primers yaeT-kan Fwd and yaeT-kan Rev. The to final concentrations of 1 mM and 0.1 mg/ml, respectively. The resulting PCR product contained an internal kanamycin cassette lysate was cooled on ice/water for 30 min with occasional swirling.
with a 5#-yaeT flanking region situated 70 bp upstream of the yaeT The final lysate was added to the top of a preliminary sucrose gratranslational start and a 3# flanking sequence located 2204 bp dient containing 1.0 ml 25% (wt/wt) sucrose layered over 0.3 ml downstream of the yaeT translational start. Partial deletion of the 65% (wt/wt) sucrose. Samples were centrifuged in a Beckman OpyaeT locus was achieved using the recombineering method (Ellis tima L7 ultracentrifuge (55,000 rpm, 4°C, 2 hr). The top 3 ml of et al., 2001) via the electroporation of yaeT::kan PCR product into the samples was taken as cytoplasm fraction, the next 1 ml was DY378 containing pJCM-yaeT and subsequent selection in the discarded as cellular debris, and the bottom 1 ml of enriched mempresence of 0.025% arabinose and 25 g/ml kanamycin. Recombibranes was collected from the bottom of the tube. This sample was nation of the PCR product was targeted to the chromosomal yaeT mixed with 1.4 ml EDTA (5 mM) and loaded onto a secondary locus, as the 5# flanking region of the yaeT::kan PCR product is not sucrose gradient with the following concentrations of sucrose from present in pJCM-yaeT. The resulting chromosomal yaeT::kan allele bottom to top: 0.5 ml 65% (wt/wt) sucrose, 0.5 ml 55% (wt/wt) was introduced via P1 transduction into the chromosomal yaeT sucrose, 1 ml 50% (wt/wt) sucrose, 2 ml 45% (wt/wt) sucrose, 2 ml locus of JCM160 in the presence of arabinose. To prevent any pos-40% (wt/wt) sucrose, 2 ml 35% (wt/wt) sucrose, and 1.5 ml 30% sible polar effects caused by transcription of the kanamycin resis-(wt/wt) sucrose. Gradients were centrifuged for 17 hr at 36,000 rpm tance cassette, the resistance gene was excised using Flp recom-(4°C) in a Beckman Optima L7 ultracentrifuge. Collected fractions binase provided by pCP20 (Cherepanov and Wackernagel, 1995; were subjected to electrophoresis through a 12% SDS-polyacrylDatsenko and Wanner, 2000). The resulting yaeT depletion strain amide gel followed by Western blot analysis using rabbit anti-YfgL was termed JCM166. and anti-Imp antisera (our laboratory stock) as described previously (Ruiz et al., 2005) .
Gentle Lysis Preparation and Western Blot Analysis of LamB and OmpA
To maintain the folded structures of LamB and OmpA, protein sam- 
